SUMMARY Sixty-five patients with angiographically documented coronary artery disease were investigated by scintigraphy to determine the role of the collateral circulation during dynamic exercise. Fifty-three patients had complete proximal occlusion of at least one major coronary artery. One patient had total occlusion of all three major coronary arteries. Sixty-four collateral channels were identified, graded, and compared with corresponding regions of the myocardial scintigram. Tracer uptake was also graded and classified as various degrees of protection from ischaemia.
Controversy concerning the functional significance of the coronary collateral circulation in man has been compounded rather than resolved since the introduction of selective coronary arteriography despite the excellent in vivo description of collateral vessels given by several authors using this technique.1-3 Perhaps debate is inevitable when no reference method exists for determining collateral flow in man and observations are drawn from indirect measurement. However, two factors deserve emphasis when the protective role of intercoronary anastomoses is considered.
(1) Selection of patients and experimental design. Patients with severe coronary artery disease may be excluded from analysis in two important ways; they may remain undetected and symptom free as a result of well-functioning coronary collaterals, or they may die because of inadequate development of coronary collateral vessels.
In addition to this inevitable preselection, false comparisons are frequently made between other patients. Thus, patients with coronary collaterals have worse disease than those without, but comparison between these groups should properly be based on equally severe coronary disease. Unfortunately,"equally severe coronary disease' determined by arteriography does not necessarily indicate equivalent degrees of myocardial ischaemia. The investigator may achieve more homogeneity in selecting severe disease by studying patients with at least complete occlusion of one major coronary artery rather than accept patients with patent and less severely diseased coronary vessels as did Helfant.4 (2) Inappropriate methodology. Although coronary arteriography provides clear definition of significant disease in proximal coronary arteries it is less satisfactory in the delineation of coronary collateral vessels for it reveals only epicardial and not the deeper connections which exist within the myocardium.5 Moreover, the demonstration that coronary collaterals can be filled with contrast medium does not guarantee their function, despite the claim by Frick et al.6 that only collaterals carrying flow are visualised during selective arteriography, always provided that contrast medium is not forced under pressure into the coronary tree.
Myocardial imaging using thallium-201 (201TI) is a non-invasive technique which is valuable in the analysis of regional myocardial perfusion.7 Regions of ischaemia caused by severe coronary disease appear as functional defects of tracer accumulation in the myocardial scintigram.8 Using 201TI imaging, we have analysed the role of the coronary collateral circulation in the preservation of regional myocardial perfusion during angina pectoris induced by dynamic exercise and have identified the angiographic features of collateral vessels responsible for such protection.
Patients and methods
Sixty-five patients (62 men and three women; mean age 50 years; range 27 to 65 years) with angina pectoris were investigated by 201TI myocardial scintigraphy shortly after coronary artery disease had been demonstrated by contrast arteriography.
All patients selected for myocardial imaging had severe stenosis or total occlusion of at least one major coronary artery. The majority of patients had complete occlusion of at least one vessel and were homogeneous in this respect. A significant coronary stenosis was defined as reduction of the coronary lumen by more than 50 per cent, and severe stenosis Subjects with hypertension, valvular heart disease, or primary myocardial disease were excluded from this study. Drugs for heart disease, particularly beta-blockers, were withdrawn before contrast angiography and myocardial scintigraphy.
During the exercise test each patient received 1-5 mCi of 201Tl through an indwelling intravenous cannula at the onset of angina pectoris or limiting dyspnoea. The exercise end-point was maintained for one and a half to two minutes so that there was maximal myocardial uptake of circulating tracer in the presence of symptoms.
After a 10-minute recovery period, myocardial imaging was performed with subjects in the supine position using an Ohio-Nuclear Series 100 scintillation camera and a high-sensitivity parallel-hole collimator (Fig. 1) . Anterior, left anterior oblique 45°and 550, and full left lateral projections were routinely acquired in every patient. In each image 200 000 counts were collected using a 20 per cent window centred on the 72-5 keV mercury x-ray peak emitted from 201TI decay. During acquisition of the scintigrams activity from background organs such as the liver and lungs was reduced by surrounding the heart with an annulus of lead cape positioned over the praecordium beneath the gamma camera. Fig. 2 shows examples of these appearances.
All scintigrams were reviewed independently by two observers without knowledge of the coronary anatomy and compared with the quantitative segmental analysis. Excellent agreement was found between the two methods (>90%) and interobserver agreement was similarly high. Observer disagreements were resolved by subsequent review and consensus, calling on a third observer if necessary.
All coronary arteriograms were reviewed independently by two observers in ignorance of the scintigraphic analysis, and note was made of the site and number of complete coronary occlusions and severe coronary stenoses together with any associated coronary collateral channels.
Coronary collateral vessels were divided angiographically into two main types: (a) predominantly single channels opacified by contrast medium injected into a homolateral or contralateral coronary artery, filling via visible or invisible feeding conduits and joining the distal portion of arteries affected by severe proximal coronary disease; (b) visible or invisible 'bridging' collaterals which connect the dislocated ends of a major coronary artery through which the distal segment of the vessel was opacified after injection of contrast medium into the proximal segment.
In addition 'ghosting' of coronary vessels was noted, that is severely delayed anterograde filling and faint opacification of a distal coronary vessel after injection of contrast medium into its proximal portion. 
Results
In the 65 patients studied, 110 coronary lesions were classified as angiographically severe and therefore liable to provoke the growth of collateral vessels. There were no significant lesions in the left main coronary artery. Though the majority of patients (85%) had developed at least one collateral network at the time of investigation, the observed number of collateral channels in relation to the number of coronary lesions expected to produce collateral development was only 64/110 (58%). The proportion of collateral channels for each severe coronary lesion showed a highly significant reduction (P <O0005) as single vessel disease progressed to quadruple vessel disease despite the proportion of totally occluded coronary arteries remaining constant in each group (Table 1 ). This observation suggests that an important factor for the development of adequate collateral growth in response to severe coronary disease and myocardial hypoxia may be an uncompromised blood supply from a healthy donor vessel.
Complete occlusion of at least one major coronary artery was seen in 53 patients: 68 occluded vessels were found in these patients and the prevalence of collateral channels was 78 per cent ( Table 2 ). The right coronary artery was the vessel occluded most commonly (50% of all occlusions) and was also the most frequent recipient of a collateral vessel.
One patient had total proximal occlusion of all three major coronary arteries with no historical or electrocardiographic evidence of myocardial infarction and preservation of excellent left ventricular function. Indeed, a normal resting electrocardiogram, despite total proximal occlusion of at least one large coronary artery, was found relatively often, occurring in 18/65 (28%) patients in this study. Twelve patients had at least one severe coronary lesion without complete occlusion of a vessel. The prevalence of coronary collateral channels in this group was similar to that in patients with complete coronary occlusion. Fig. 3 summarises the relation between myocardial infarction and the presence of coronary collaterals. Thirty-nine myocardial infarctions (37 transmural infarcts and two anterior subendocardial infarcts) were documented in 37 patients, an overall prevalence of 39/65 (60%).
MYOCARDIAL INFARCTION
There was no significant difference in the prevalance of coronary collaterals between patients who had sustained anterior myocardial infarction compared with patients with inferior myocardial infarction. Similarly, there was no difference in the frequency of coronary collateral development between patients with myocardial infarction and those without infarction. protection in the presence of extensive disease in other coronary vessels, for example nine patients had severe triple vessel disease while the artery donating collaterals to the right coronary artery had significant disease in 11 patients. The prevalence of collaterals allotted grade 3 or more was highest in patients with complete protection in the scintigram and fell with decreasing degrees of protection, though these figures did not achieve statistical significance (P > 0'5). No patient with complete protection had absent collateral development in contrast to four patients with partial or no protection who had no collateral channels visible on angiography.
In six patients with no scintigraphic protection, four had sustained inferior myocardial infarction despite visualisation of good collaterals to the right coronary artery in three. Eight inferior myocardial infarctions were found in the partially protected group while no patient with myocardial infarction was seen in the group with complete protection (P<0.1).
Left circumflex collaterals. Left circumflex coronary lesions were not often associated with prominent retrograde collateral filling though there was often angiographic 'ghosting' of the distal bed. Fig. 6 shows that the majority of patients with severe left circumflex coronary lesions had no protection from the appearance of uptake defects in the myocardial scintigram seen in the distribution of this vessel. No collateral channels feeding the distal bed of either the right coronary artery or left anterior descending artery. However, there was a distinct difference in the pattern of scintigraphic uptake defects produced by these two occluded vessels. Right coronary artery occlusion was associated with significantly less severe uptake defects in the myocardial scintigram than was total occlusion of the left anterior descending (P <005) (Table 3) . Thus, during maximal dynamic exercise the collateral circulation to the right coronary bed maintained a delivery and distribution of 201TI sufficient to prevent uptake defects appearing in this region of the scintigram. In contrast, little protective effect could be shown for collaterals supplying the distal left anterior descending, for uptake defects regularly appeared in the distribution of this artery at the limiting end-point of exercise. Defects attributable to right coronary artery disease were never seen in the absence of defects resulting from left anterior descending disease, that is the left anterior descending artery was probably always responsible for producing angina with this combination of coronary occlusions.
A similar situation was seen in patients with combined right coronary artery and left circumflex coronary artery occlusion. Myocardial uptake defects were always seen in the distribution of the left circumflex vessel whereas partial defects or no uptake defects at all occurred in the distribution of the right coronary artery.
Only one patient had combined left anterior descending and left circumflex coronary occlusions both of which were apparent in the scintigram, there being a poor collateral supply to each vessel.
CORRELATION OF COLLATERALS WITH 201TL
MYOCARDIAL UPTAKE Fig. 8 shows the relation between the degree of coronary collateral development assessed angiographically and the severity of 201Tl uptake defects seen in the myocardial scintigram. There was a highly significant association between welldeveloped coronary collateral vessels and accompanying preservation of myocardial 201Tl uptake. Similarly, poor or absent coronary collateral development was usually associated with severe deficit of tracer in corresponding regions of the scintigram (P < 0O0005, coefficient of contingency = 050).
There was no significant difference in the 
